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Abstract 
Treatment of textile wastewater has been a matter of considerable interest because of the potential 
toxicity, colloidal stability, and deformable nature of dyes. In this work, a novel polyaniline (PANI) 
/ polyvinylidene fluoride (PVDF) hybrid membrane was developed to remove textile wastewater 
dyes. The hybrid membrane's contact angle decreased by increasing the concentration of polyaniline 
in the PVDF matrix, enhancing the hybrid membrane's hydrophilicity.  Membrane properties, 
including porosity, anti-fouling property, solvent content, and pure water flux, were improved in the 
hybrid membrane compared to neat PVDF membranes. The purified water flux enhanced from 28 
to 47 L /m2 h, which indicates the impact of PANI on the hydrophilicity of the hybrid membranes. 
Among the hybrid membranes, 3P exhibited 85% dye rejection at 0.1MPa operating pressure. 
Hence, the incorporation of PANI in the PVDF matrix was proposed to enhance the hybrid 
membrane's dye rejection and anti-fouling properties. 
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Highlights: 
 Modified the developed PVDF membrane with PANI. 
 The phase inversion method was used for preparing the hybrid PVDF/PANI ultrafiltration 
membranes. 
 The hybrid membranes showed better filtration performances than the neat PVDF 
membranes. 
 Water flux, hydrophilicity, mechanical properties, and anti-fouling properties were 
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1 Introduction 
The pollution of the ecosystem, including air, water, and soil, is a severe concern in this current 
world. Water contributes to 78 % of the earth's surface and serves as a critical component for the 
human body and other living organisms. These facts show the essential relation of human health 
with water and the ecosystem. The provision of clean water is necessary for every human being and 
their growth.[1] Wastewater released from the textile industry is one of the extensive sources of 
pollution for water and soil. For the protection of aquatic ecosystems, harmless treatment has 
tremendous importance in textile wastewater treatment. Wastewater from textile industries 
containing fixed and unfixed dyes without appropriate treatment causes numerous problems in the 
nearby water resources.[2] The major problem associated with textile wastewater is increased color 
concentration, leading to the reduction of light transmittance in water, limiting aquatic life 
growth.[3] 
Purification of textile wastewater by conventional methods includes ozonation, bleaching, hydrogen 
peroxide treatment / UV treatment, and electrochemical techniques.[4] One of the significant 
problems associated with these techniques is that they cannot decompose complex aromatic 
molecular structure that is stable towards light and oxidizing agents.[5] However, several modern 
methods are being employed to reduce the contamination in textile wastewater from the industries 
include biological and physiochemical processes.[6] The problem with biological processes is that 
they cannot wholly remove the adverse effects of dyes and cause problems for the aquatic life and 
aquatic ecosystem. The other method includes the addition of certain compounds that leads to 
secondary pollution.[7] Scientists and engineers are working to introduce more efficient methods for 
removing dyes from textile wastewater. In this context, pressure-driven membrane technology is 
getting much attention as it offers a cleaner, more convenient, and energy-efficient method for dye 
removal.[8] These include Ultra-filtration (UF), nano-filtration (NF), and reverse osmosis (RO). UF 
had been employed to recycle high molecular weight compounds, insoluble dyes (e.g., indigo and 
disperse), and auxiliary chemicals. UF is now used as a pre-treatment step to reduce contamination 
by using suitable pore sizes before treating NF and RO.[9] UF is used for color filtration, but it 
cannot remove dyes and compounds with low molecular weight.[10] 
Mostly Polyvinylidene fluoride (PVDF) [11] is used for the fabrication of ultrafiltration membranes 
due to their excellent properties such as good film-forming ability, mechanical strength, high 
thermal stability, excellent aging resistance, and chemical stability. Zeng et al. [12] prepared PVDF 
membrane, which has remarkable rejection for reactive dyes. For textile wastewater treatment, 
PVDF based membranes have been gaining significant attention for their excellent separation 
performance. Wu. et al. [13] reported pure PVDF membranes for filtration of reactive red dye from 
textile wastewater and found that PWF of membrane was 12–50 L/m2h and retention of dye was 
about 77–94%. Malaisamy [14] prepared polysulphide composites membranes that can degrade the 
Brilliant Green by adsorption process from contaminated water. Ting et al. reported a combined 
method based on ble-nding and photoreduction to synthesize the PVDF/TiO2/Ag composite 
membrane that has shown high antibacterial activity as tested through the inactivation of bacteria 
under the illumination of visible light.[15] 
In the last few years, most researchers have modified the membrane's surface to increase its 
hydrophilicity. Modifications on the surface of the membrane were done by using different 
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that show excellent results.[16] The polymer blend is one of the easy methods to improve membrane 
separation properties, among others. Dettre [17] reported that membrane blending is a cost-effective 
method for membrane modification. Polyaniline (PANI) [18] offer suitable substitutes for 
hydrophilic characteristics within the synthesized membrane because of their specific properties 
such as good steric hindrance, excellent adsorption capacity, easy preparations and contain different 
functional group for the chemical interactions with PVDF during the process of membrane casting.  
Our research article mainly focuses on the design of hybrid membranes to remove dye molecules 
from contaminated water. For this purpose, we synthesized the pure PVDF and PANI/PVDF hybrid 
filtration membranes through the phase inversion process. A series of characterizations such as 
scanning electron microscopy (SEM), Tensile strength, X-ray diffraction (XRD), thermogravimetric 
analysis (TGA), Fourier-transform infrared spectroscopy (FTIR) was done to check the properties 
of the hybrid membrane. Permeation properties (shrinkage ratio, porosity, pure water flux, and 
solvent content, and BSA rejection) of PVDF/PANI membranes were investigated to check the 
performance of synthesized membranes in water purification. 
2 Experimental 
2.1 Material 
Chemicals include the PVDF (Alfa Aesar), PANI (polyaniline) with the M.wt of 10000 g/mol 
(Sigma-Aldrich), N, N-Dimethyl formamide (DMF) synthesis grade, 97% (scharlu), 1-propanol 
(99.09%) (Alfa Aesar), ethanol (≥ 99.07%) (scharlu), Sodium hydroxide (NaOH, ≥ 97%) (Alfa 
Aesar), Acetic Acid (CH3COOH, ≥ 99%) were used as received. 
2.2 Fabrication of PVDF-PANI hybrid membranes 
Hybrid PVDF membranes were synthesized by adding PANI (1-4 wt%) to enhance the PVDF 
membrane's hydrophilicity. The 3% w/v Polyaniline was found to be best for membrane preparation 
and filtration processes. By further increasing the PANI percentage, the synthesized membrane 
becomes brittle and break during the drying process, so it cannot be used for characterization and 
application processes. PVDF (11 to 15 wt%) and PANI (1 to 4 wt%) were solubilized in DMF 
solvent at 59oC, under constant stirring for 24 h to prepare a homogenous solution. Both PVDF and 
PANI are organic polymers in nature and readily miscible. Degassing was performed by keeping 
the membrane's casting solution in a vacuum oven for 1 hour at 40oC. The clear solution was spread 
on a glass plate substrate with a hand casting knife, and then it was directly dipped into the 
coagulation bath, which contains deionized water at 25oC.[12] For extraction of remaining solvents 
that remain in the synthesized PVDF/PANI hybrid membrane, the shaped membrane was kept in 
fresh distilled water for 24 hours. Figure 1 illustrates the membrane manufacturing process by 
































































































































































































































































































































 This article is protected by copyright. All rights reserved 
 
Figure 1. A schematic representation of membrane manufacturing process. 
The codes and composition for different membrane samples are listed in Table 1. 
Table 1. Code of PVDF/PANI hybrid membranes 







0P 15 0 85.0 100 
1P 14 1 85.0 100 
2P 13 2 85.0 100 
3P 12 3 85.0 100 
4P 11 4 85.0 100 
2.3 Characterizations 
Synthesized membranes were characterized for structural and morphological analysis by 
using SEM, XRD, FTIR, and TGA. XRD (Panalytical 304/60 expert PRO) in the range of 5 to 80o 
was used to evaluate membrane samples' structural characteristics. For identifying functional 
groups of hybrid membranes, FTIR analysis was done within the range of 400-4000 cm-1. The 
thermal stability of synthesized membranes was calculated by TGA (PerkinElmer, USA). SEM 
(VP-1450 Germany, LEO) was used to determine the cross-sectional area and surface morphology 
of the synthesized water purification membranes. Further, ImageJ software was used for the 
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3 Permeation properties of the synthesized membrane 
3.1 Porosity 
To measure the porosity of synthesized membranes, they were cut to 1 cm2 piece and then dipped 
into the deionized water for twenty-four hours. We measure the weight of the membrane's pieces 
before and after submerging into water. The value of porosity was calculated by using the following 
formula.[19] 
Porosity  % =
W2−W1
Ah
× 100                                                                (1) 
Ah represent the cross-sectional area of membranes, W1 is the weight of the dry membrane, and W2 
is the wet membrane's weight. 
3.2 Solvent content 
To determine solvent content of the synthesized membranes. The membranes were cut into small 
pieces of 1 cm2 and then dipped into various solvents, i.e., ethanol, water, propanol, and methanol. 
We measured the weight of dry and wet membranes after immersing in the above solvents. Solvent 
content was calculated by using the following formula.[20] 
Solvent Content % =
W2−W1
W2
× 100                                                    (2) 
W1 is the weight of the dry membrane, while W2 is the weight wet membrane. 
3.3 Pure water flux 
Pure water flux was measured to check the performance of synthesized membranes in water 
purification. Firstly, the membranes were immersed in distilled water for thirty minutes. A vacuum 
pump was employed for measuring the water flux at 0.1 MPa.[21] The value of pure water flux was 
calculated by using the following equation; 
Pure Water Flux (J) = Q/At       (3) 
Where "A" represents the area of the membrane (cm2), "Q" the amount of water that passes through 
the membrane in time "t".  
 
3.4 Membrane Shrinkage 
A small piece of the membrane was dipped into the distilled water for 12 hours. Length and width 
were measured before and after dipping it in water through a screw gauge and vernier caliper. The 
value of the shrinkage ratio was calculated by using the following formula.[22] 
Shrinkage ratio % = [1 −
(a×b)
(ao×bo)
] × 100                                           (4) 
ao and a represent the length of wet and dry membranes while bo and b show thickness of wet and 
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3.5 Anti-fouling properties 
BSA (bovine serum albumin) solution was used to check the anti-fouling properties of the hybrid 
membrane. It is a model fouling protein used to investigate anti-fouling characteristics of the 
synthesized membrane. Initial water flux (Jw1) was measured using BSA (0.8 g/l) solution in the 
filtration cell. After filtration, the fouled membrane was washed by dipping it into distilled water for 
30 min at 25oC. Further, the pure water flux (Jw2) was again measured. Flux recovery ratio was 




× 100        (5) 
The following formula was used for measuring the value of BSA Rejection, 
% R = (1 −
CP
Cf
) × 100      (6) 
 
Cf and Cp represent the value of molarity of feed and permeate solutions. 
UV-VIS spectrophotometer was used to analyze molarity of permeate and feed of BSA [19] 
solution(𝛌max = 280 nm). 
3.6 Experiments for adsorption process 
We carry out all experiments with Erlenmeyer flask (250ml) with continuous stirring at 298 K 
temperature. We optimized our results with pure PVDF and PVDF/PANI membrane. To check the 
membrane's adsorption capacity, we dipped the 0.5g developed membrane into 100/L dye solution 
at 6.5pH, 298K, and a continuous temperature at 100 rpm. Dye contamination was measured by 
UV-Vis spectroscopy. We also measure the different parameters such as membrane concentrations, 
pH, and time through adsorption experiments. 
The following formula was used to measure the value of adsorption (qe); 
Adsorption  (qe) =
(Co−Ce)V
m
      (7) 
We used 0.01M NaOH and 0.01M HNO3 to adjust the value of pH. To study the kinetic adsorption 
isotherm, we dipped 0.6g of synthesized membranes into a different concentrated solution of methyl 
orange. 
4 Results and Discussion 
4.1 Morphology of Membrane 
Surface morphologies of synthesized membranes and polyaniline effects on membrane's surface 
were investigated by SEM analysis. Figure 2 (A1-D1) shows SEM micrographs of hybrid 
membranes that contain 1% w/v, 2% w/v, and 3% w/v concentration of polyaniline as hydrophilic 
polymer and pure PVDF membrane. According to the SEM image, the content of polyaniline 
improves the surface roughness of our developed membranes. The surface of the membrane also 
shows a pit-like structure. The number of pores within hybrid membranes increased, which enhance 
pure water flux and hydrophilicity of hybrid membranes. To investigate the structure and size of 
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the number of pores on membrane surface increased. Still, the size of pores gradually decreases 
with an increase in polyaniline concentration.[23] The estimated diameter and distributions of the 
membrane's pores are illustrated in Figure 2 (A2-D2). We observed that the synthesized PVDF 
membrane contains fewer pores on the surface, whereas the hybrid membranes have increased the 
number of pores with increasing polyaniline content.[24] The average diameter of pores for the 
hybrid PVDF/PANI membrane is around 0.78μm, while the pure PVDF membrane is about 
1.53μm. This reduction in the hybrid membrane's pores diameter is evidence of complex structure 
formation due to their excellent chemical interactions between polyvinylidene fluoride and 
polyaniline. 
The cross-sectional images of synthesized membranes were shown in Figure 2 (A3-D3). Results 
show that developed membranes have good polymer compatibility and do not display any phase 
separation. The cross-sectional images show the asymmetric morphology of the synthesized 
membrane. The thickness of synthesized membranes was about 100-150μm. SEM images of neat 
PVDF membrane (A) show the compact layer on the upper side and asymmetric structure of pores 
within the membrane. This thick layer on the top surface was due to the quick phase inversion 
process into a coagulation bath. Hybrid PVDF/PANI membranes show a more porous structure with 
uniform distribution of pores throughout the membrane.[25] 
 
Figure 2. A(1) Morphology of membrane surface A(2) Pores geometry A(3) Cross-sectional 
images of pure PVDF membrane. B(1) Morphology of membrane surface B(2) Pores geometry 
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Pores geometry C(3) Cross-sectional view of 2P hybrid membrane. D(1) Morphology of membrane 
surface D(2) Pores geometry D(3) Cross-sectional images of the 3P hybrid membrane. 
4.2 Surface composition of PVDF/PANI membranes  
XRD analysis represents diffractograms of PVDF, and PVDF-PANI hybrid membrane with varying 
PANI amounts from one percent to three percent in the range of 10o to 80o in Figure 3(a). In the 
XRD pattern, PVDF has three crystalline phases α, β, and γ. Among these three phases, β and γ are 
polar, while the α-phase is nonpolar. The PVDF has 2θ values of 18.4o and 19.6o, which correspond 
to the α-phase of PVDF. For wastewater treatment applications, the polar phase in hybrid 
membranes is useful. The XRD spectra show a phase change from nonpolar to polar after 1-3% w/v 
of PANI in the hybrid membrane.[26] The peak intensity of α-phase at 18.4ᵒ slowly decreased and 
became invisible with addition and increasing polyaniline concentration. However, a more intense 
peak at 20.2o was observed. This peak is attributed to the stabilization of the β-crystalline phase of 
the PVDF in the hybrid membrane. The intensity of peaks at 20.2o and 39.0o was also slightly 
increased by the addition of PANI, and the area under the peak at 20.2o broadens in hybrid 
membranes. XRD results conclude that developed hybrid membranes represents enhanced polar β-
crystalline phase. When the polar phase within the hybrid membrane increases then these  
membranes also exhibit enhanced hydrophilic nature.[27] FTIR analysis was done for the 
determination of additives (polyaniline) that persist or infiltrated into the coagulation bath during 
the synthesis of hybrid membranes, FT-IR spectra of unadulterated PVDF, and mixture 
PVDF/PANI layers at three fixations (1, 2, 3% w/v) are appeared in Figure 3(b). The trademark 
crests of PVDF can be seen in all membranes; C-F stretching vibrations of PVDF were assigned at 
the wavenumber 1022 cm-1, the ridge at 1232 cm-1 compares to the -C-H group in protonation. The 
peak intensity at around 1359cm-1 for N-H bending increases upon the addition of PANI. The peak 
at the 844cm-1 is because of the aromatic ring present in the polyaniline. The quinoid and benzenoid 
rings of PANI appear at around 739cm-1. The peak at 1537 cm-1 corresponds to the benzenoid ring's 
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Figure 3. (a)XRD (b)FTIR (c)TGA and (d)Tensile results analysis of PVDF/PANI hybrid 
membranes with different concentrations of PANI. 
TGA was employed to study the thermal behavior of the pure and hybrid membranes. TGA of 
hybrid membranes with variable concentration of PANI, i.e., 1 to 3 wt%, are illustrated in Figure 
3(c). At the TGA operating temperature of 35οC to 800οC, the pure PVDF membrane showed 
higher weight loss than the hybrid membranes. The hybrid membranes showed increased thermal 
decomposition (Td) between 405οC to 468οC.[29] This increase in Td validates the hybrid 
membranes' thermal stability. It establishes that the hybrid membranes' thermal stability will 
increase as the concentration of PANI increases from 1-3%.[30] The degradation temperature also 
increased due to the good interfacial interactions between the PANI and the PVDF. PVDF is a 
flexible plastic polymer, and in the tensile stress-strain curve, it shows a typical ductile behavior 
associated with chain mobility beyond elastic limit upon applied stress. Figure 3(d) illustrates the 
stress-strain profile of neat PVDF and hybrid PVDF/PANI membrane. As evident from the results, 
the increase in PANI concentration increases the hybrid membranes' mechanical strength. The 
mechanical performance of PVDF/PANI hybrid membranes increased due to the right chemical 
interactions between polymers (PANI and PVDF).[31] Young's Modulus increases from 45.01 MPa 
to 90.21 MPa with PANI content, as shown in Table S2. Similarly, the polymer membrane's tensile 
strength increased with an increase in PANI content in the hybrid membrane because polyaniline 
forms the adjacent bonding structure with PVDF molecules that reduce pores' size and increase 
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4.3 Permeation studies of the PVDF/PANI hybrid membranes  
Contact angle measurements determined the hydrophilicity of the membrane's surface. During the 
filtration process, air is filled within the porous structure of membrane. It directly affects the contact 
energy of water droplets which varies the value of contact angle. This effect of porosity on contact 
angle can be explained through Cassie–Baxter model.  
                  𝑐𝑜𝑠𝜃 = 𝑃𝑐𝑜𝑠𝜃𝑝 + (1 − 𝑃)𝑐𝑜𝑠𝜃𝑛𝑝                                                      (8) 
Here θP is the contact angle of the porous portion while θnp is the contact angle of non-
porous part of developed membrane. P is the measured porosity of developed membranes. Cassie–
Baxter model gives the value of contact angle of porous portion and rough surface area of non-
porous portion. It shows that the area of liquid solid interface decline when the value of water 
contact angle is increased. This is due to increase in surface roughness (as shown in SEM images) 
which reduce the adhesion between droplet and membrane surface and decreased the area of liquid 
solid interface.[34] A decrease in contact angle leads to an increase in the hydrophilic property of the 
membrane. In this experiment, the contact angle of pure PVDF and PVDF/PANI membranes were 
investigated to compare the effect of the addition of various concentrations of PANI (1, 2 & 3% 
w/v). Figure 4(a) demonstrates that the addition and increase in PANI concentration led to the 
decreased contact angle of membrane surface due to the hydrophilic nature of PANI. PVDF is 
inherently hydrophobic; the –NH group in PANI results in hydrogen bonding with water molecules, 
thus imparting hydrophilicity to the hybrid membranes.[33] The addition of PANI in the membrane 
casting solution results in an increased number of pores. It can be due to three main reasons; firstly, 
the membrane casting solution's viscosity decreases with increased PANI concentration. The 
diffusional exchange rate of solvent accelerates with a decrease in the casting solution's viscosity 
and increases the number of pores in PVDF/PANI hybrid membranes. The second reason is 
polyaniline, which acts as the hydrophilic polymer in the synthesis of the membrane. The third 
reason is the reduced compatibility of PVDF and PANI. The membrane porosity measurements are 
précised in Figure 4(b). Porosity act as an essential factor in membrane shrinkage properties. The 
higher the porosity, the lesser will be the percent shrinkage ratio. Graphical results of the percent 
shrinkage ratio are illustrated in Figure 4(b). From the figure, unmistakably, the percent shrinkage 
proportion diminished continuously with an increment in polyaniline fixation. The shrinkage 









































































































































































































































































































































 This article is protected by copyright. All rights reserved 
 
Figure 4. (a) Graphs for contact angle (b) Shrinkage ratio and porosity (c) Solvent content (d) 
Water flux of PVDF-PANI hybrid membranes with different concentrations of PANI. 
The performance of the synthesized membrane in water purification was measured by calculating 
their solvent content. Different solvents in polarity from propanol to water were selected to 
determine the solvent absorption capacity of the hybrid membrane.[36] The value of solvent contents 
was calculated by measuring the difference between the weight of dried and wet membranes. After 
investigation of solvent contents of membranes, results are given in Figure 4(c). These results 
indicate that polyaniline increased the hydrophilic characteristic [37], increasing the hybrid 
membrane's permeation properties by attracting the water molecule inside or outside the membrane 
surface.[38] But hybrid membrane decreases the adsorption capacity for solvents of lower polarity 
(Propanol < Ethanol < Methanol).[39] Pure water flux was calculated to measure the water 
permeability of hybrid membranes at 0.1 MPa.[40] Figure 4(d) illustrates that the pure water flux of 
PVDF/PANI membrane dramatically improved with increasing polyaniline concentration due to its 
hydrophilic properties. 
4.4 Possible mechanism of dye rejection and effect of dye concentration 
Two different types of dyes (Allura red and methyl orange) were used to make 100 ppm 
solutions in distilled water to study dye rejection properties of synthesized membranes. Figure 5 
represents the water filtration property of pristine PVDF (0P) and PVDF/PANI hybrid membrane 
(1P, 2P, and 3P). The dye solutions were passed through synthesized membranes at a pressure of 
0.1 MPa. Synthesized membranes have dyes rejection capacity because of their sieving mechanism 
and adsorption behavior.[41] The ability of dye rejection through membranes directly depends upon 
the molecular weight of dye molecules. Here we used the same membrane for the filtration of two 
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synthesized membranes increased for high molecular weight.[42] Figure 5(a) and (b) illustrate that 
highly concentrated polyaniline membrane (3P) shows good performance for removal of dyes 
molecules as compared to low concentrate polyaniline membranes (1P, 2P) and neat PVDF 
membranes. The pore size of 3P membranes was less (about 0.78μm) than the diameter of the dyes 
molecule. Due to this, hybrid membranes show the sieving mechanism and restrict dye molecule 
flow through the membrane. Results show that the dye flux of synthesized PVDF membranes is less 
(about 23 L/m2 h) than hybrid membranes (1P, 2P, and 3P). Figure 5 represents that the removal 
efficiency of methyl orange was less than Allura red due to their low molecular weight 
(327.33 g/mol) in comparison to Allura red (496.42 g/mol).[43] 
According to the Film theory equation, the concentration of dyes in feed solution directly affected 
the filtration performance of synthesized membranes.[44] To determine their effect on membrane 
flux and rejection efficiency, we prepared five solutions (50, 100, 200, 400, 800 ppm) with different 
Methyl orange concentrations. According to Figure 5(c), the dye flux of synthesized membranes 
was greatly affected by increasing the dye concentration in feed solutions. With increasing the dye 
molecule concentration, the osmotic pressure on the membrane surface increased due to dye 
molecules' accumulation and deposition effect. Flux gradually declined with increasing the 
concentration of dye (50 to 800ppm) in the feed solution. As the dye concentration increases, dye 
molecules deposit and aggregate onto the membrane's surface that caused a polarization effect and 
increased osmotic pressure within the membranes.[45] The aggregate of dye molecules blocks the 
pores of the synthesized membrane, which causes membrane fouling. So, the dye flux of 0P, 1P, 2P, 
and 3P were decreased by 44%, 15.9%, 12.1%, and 10.2%, respectively. A highly concentrated 
polyaniline hybrid membrane shows good anti-fouling properties. Therefore it offers a significantly 
less decrease in dye flux.[46] According to Figure 5(d), the dye rejection rate was greatly affected by 
the increased dye concentration of feed solutions. Overall, the performance of synthesized hybrid 
membranes (3P) was less affected by increased dye concentration and good efficiency of dye 
rejection (84%). All the experiment conducted three times to check the reproducibility, and mean 
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Figure 5. (a) Dye rejection (Allura Red) and flux of PVDF/PANI hybrid membranes (b) Dye 
rejection (Methyl Orange) and flux of PVDF/PANI hybrid membranes (c) Effect of dye 
concentrations on flux (d) Effect of dye concentration on dye rejection of the hybrid membrane. 
The capacity of methyl orange adsorption through synthesized PVDF and PVDF/PANI membranes 
illustrate in Figure 6(a). All blend (PVDF/PANI) show the better adsorption capacity then pure 
PVDF membrane within order of pristine PVDF (3.4%) < 1P (45%) < 2P (64.2%) < 3P (80%). We 
carried out these adsorption experiments for one day at pH = 6.0, T=298K, and 100 mg/L of methyl 
orange concentration (initial). Results show that polyaniline improves the blend membrane's 
adsorption capacity by increasing its concentration due to its hydrophilic nature, large surface area, 
and porous structure on the surface of the developed membrane. Polyaniline also increases the 
interactions (hydrogen bonding, π-π attraction) between dye molecules and membrane's surface to 
enhance the adsorption mechanism.[47] 6(b) represents the effect of adsorption efficiency of methyl 
orange with the change in concentration (0.5-4 g/L) of the developed membrane (3P) for the same 
interval of time (3h). Results show that adsorption efficiency gradually increases the concentration 
of 3P membranes (adsorbent) due to the increased number of active sites for dye molecules' 
adsorption on the membrane surface. Figure 6(c) represents the pH effect on adsorption efficiency 
of developed membrane. The capacity of methyl orange adsorption greatly influences the change in 
pH from 4.5 to 11.5. At low pH (4.5-6.5), the adsorption of dye molecules gradually increased. But 
the further increase in pH value (6.5-11.5), the rate of adsorption gradually decreased due to the 
presence of hydroxyl ions (negative) on the membrane surface, which create the repulsion between 
the membrane's surface and dye molecules.[48] The pH value of permeate solution directly affects 
the functional group (such as the amine group) present on the developed membrane's surface.[49] At 
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membrane and dye molecules. When we further increase the pH value, these functional groups are 
deprotonated, which increases the repulsion between the dye molecule and membrane surface. The 
adsorption capacity of the developed 3P membrane for the different time intervals is shown in 
Figure 6(d). We divided this adsorption time into two distinct stages. During the first eleven hours 
(1st stage), the adsorption rate of the 3P membrane gradually increased over time and attained the 
adsorption equilibrium by occupying the active sites.[50] In the 2nd stage, the adsorption rate remains 
constant due to the unavailability of dye molecules' adsorption site and saturation effect on the 
membrane surface. 
 
Figure 6.  (a) Adsorption capacity of synthesized membranes (b) Effect on adsorption efficiency 
with the change in concentration of developed 3P membrane (c) Effect of pH on adsorption 
capacity (d) Capacity of dye adsorption for 24 hours. 
Table S3 represent the adoption isotherm of dyes adsorption through synthesized membranes. We 
analyzed our dye adsorption properties through Langmuir and Freundlich isotherm models. Table 
S3 shows that the process of dye adsorption takes place on a monolayer, and the adsorption site on 
the membrane surface are homogenous.[51] Because the coefficients for the Langmuir isotherm 
model is 0.99698, which is larger than the Freundlich isotherm (0.9869), so we can explain this 
adsorption mechanism of methyl orange through the Langmuir isotherm model. Maximum 
adsorption capacity (qm) of dye molecule through 3P (PVDF/PANI) membrane is more significant 
than pure PVDF membrane. Values of 1/n (0.249) also indicate that the developed membrane's 
surface is suitable for dye adsorption on these conditions (Membrane's weight =4.5g, pH = 6.5, 
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on the composite membrane.  The 1st criterion is the value of R2, and 2nd criterion depends on the 
importance of adsorption capacity. The kinetics model is more favorable when the value of R2 is 
higher, and the difference value in adsorption capacity is more significant. We determine the 
kinetics of dyes adsorption based on correlation coefficient (R2) and the difference in dye 
adsorption capacity between kinetics models and our experimental results.  Table S4 illustrates the 
different parameters and correlation coefficient (R2) of the (PFO) and pseudo-Second-order model 
(PSO). Results show that PSO is more suitable for describing the kinetics of the dyes adsorption 
process because the value of R2 for PFO (0.9745) is smaller than pseudo second order model 
(0.9803). The value of qe is also greater than PSO (398.4) than pseudo first order model (298.6). 
4.5 Practical Implications and reusability testing of membranes 
During the filtration process, dye flux of the membrane was declined due to the penetration of 
different particles and solutes on the membrane's surface that caused membrane fouling.[52] The 
fouling of membrane is unavoidable, but suitable strategies can be applied for reducing hydrophilic 
additive in pure PVDF membranes. In this study, PANI was used as a hydrophilic additive to 
increase the membrane's hydrophilicity, improving its anti-fouling properties. Dye flux for a long 
time through synthesized membranes is shown in Figure 7(a). The dyes flux of highly concentrated 
polyaniline membrane remains constant compared to other synthesized membranes due to their 
hydrophilic property of polyaniline in the hybrid membrane.[53] To check reusability of synthesized 
membranes, dyes molecules (MO) in feed solution were used as the fouling agent. To remove these 
fouling agents, we washed these contaminated membranes with the solution of sodium hydroxide 
(0.05 M) for a half-hour after each cycle, and then we again check their filtration efficiency.[54] BSA 
(model fouling agent) was used for checking the anti-fouling properties of the membrane. Pure 
water flux was measured before and after the BSA solution filtration and described as fouling 
recovery ratio. Figure 7(b) show that synthesized PVDF membranes were not sufficient for the 
rejection (39%) of BSA solution due to their hydrophobic nature. Polyaniline increase the 
hydrophilic properties (1P, 2P, 3P) of developed membranes due to this the rate of BSA rejection 
was improved to about 51%, 66%, and 71%, respectively.[55] Figure 7(c) represents that after three 
different cycles, the flux recovery ratio of hybrid membranes (1P, 2P, and 3P) was high compared 
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Figure 7. (a) Dyes flux of PVDF/PANI hybrid membranes for a long time (b) Rejection of BSA 
solution through PVDF/PANI hybrid membranes (c) Flux recovery ratio of PVDF/PANI hybrid 
membranes in each cycle (d) Desorption of methyl orange through different solutions (e) Effect of 
varying concentration of NaOH on desorption efficiency (f) Reusability of PVDF/PANI hybrid 
membranes 
To check the developed membrane's recycling properties, we use different solutions to remove the 
contaminant from the developed membrane. Results in Figure 7(d) show that sodium hydroxide is 
more suitable for the desorption of methyl orange. This is due to the repulsive forces between dye 
molecules in an alkaline medium. Figure 7(e) shows the concentration effect of NaOH (sodium 
hydroxide). The process of desorption is high in a low concentration of sodium hydroxide. Na+ ions 
may form the complex with dye molecules at a high concentration that decreases the process of 
desorption from the surface of blend membranes.  For the evaluation of developed PVDF/PANI 
membrane's stability, experiments were run to estimate the membrane's long-term performance. A 
water filtration test was carried out for 450 (hours) at 0.1 (MPa) pressure.[56] The dye flux and dye 
rejection were calculated after every five hours. Rejection of dyes through sieving and adsorption 
mechanism has a great importance for membrane stability and environmental conservation.[57] 
Therefore, this hybrid membrane's long-term stability is high and can be easily cleaned after 
treating it with sodium hydroxide solution.[58] The fouled membrane was washed with sodium 
hydroxide after six days. Results of dye flux and dye rejection of hybrid membrane are shown in 
Figure 7 (f). It was noted that dye flux slightly decreased about 8% over time, but it recovered after 
treating with HCl solution. Similar behaviour was observed with dye rejection. The rate of dye 
rejection was dropped to about 6%, but it was also recovered to 96% after cleaning. 
Results show that composite PVDF/PANI hybrid membrane has excellent potential for 
removing the contaminants (dyes) from wastewater. We compared some significant parameter and 
their key results with the commercially available PVDF membrane to demonstrate the superior 
properties of the synthesized hybrid membrane in real wastewater treatment. Our results show that
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our synthesized membranes' contact angle was lower (46.11°) compared to the previously 
synthesized PVDF membrane (89°). Therefore it shows the hydrophilic nature and excellent anti-
fouling property.[59]  Pure water flux of commercial PVDF membranes (25 L/ m2 h ) was less than 
our novel synthesized membranes (46 L/ m2 h).[60] The membrane recycling test results indicate that 
synthesized hybrid membrane contains long-term stability during the water filtration process. We 
can say that our synthesized membranes can provide a new route for a sustainable environment by 
removing hazardous contaminants from textile wastewater.  
5 Conclusion 
In this study, we investigated the properties and applicability of hybrid membrane based on poly 
(vinylidene fluoride)/polyaniline for the treatment of textile wastewater. The hybrid membranes 
were fabricated by addition of various concentrations of PANI into PVDF employing phase 
inversion method. The presence of PANI was confirmed by using different characterization 
techniques such as SEM, FTIR and XRD. TGA analysis showed better thermal stability of the 
hybrid membrane due to good interfacial interactions among PANI and PVDF, leading to increase 
in the degradation temperature. Experimental results indicated that membrane properties (pure 
water flux, solvent content, porosity etc.) were improved with addition of polyaniline in pure PVDF 
membrane. SEM analysis indicated that polyaniline not only improves the surface of membrane but 
also reduce the diameter of pores of the pure PVDF membranes from ca. 1.53 μm to 0.78 μm. 
Gradual decrease in contact angle represents that the polyaniline could effectively improve the 
hydrophilicity of pure PVDF membrane. The adsorption kinetics of methyl orange through 
developed membrane show that the results are well fitted in Langmuir isotherm. Hybrid 
PVDF/PANI membrane also exhibit high rejections of methyl orange and allura red about 81% and 
85%, respectively. These results imply that PVDF/PANI hybrid membranes can be effectively used 
for the treatment of textile wastewater.  
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A novel polyvinylidene fluoride-polyaniline membrane is developed by phase inversion method for 
purification of textile wastewater. The addition of polyaniline enhances the thermal stability, 
hydrophilicity, pure water flux and anti-fouling properties of the hybrid membranes. The developed 
PVDF-PANI membrane demonstrates up to 85% dye rejection and improved water flux from 28 to 
47 L / m2h. 
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